Inclusion of additives into calcite crystals allows one to embed non-native proprieties into the inorganic matrix and obtain new functional materials. Up to now, few parameters have been taken into account to evaluate the efficiency of inclusion of an additive.
INTRODUCTION
Biomineralization has always been fascinating for scientists, who first tried to understand the strategies that allow living organisms to control crystal growth [1] [2] [3] [4] and then to imitate these principles and exploit them in the synthesis of new materials. [5] [6] [7] The key to the incredible control over crystalline morphology and polymorphism found in Nature is the organic matter present during crystal nucleation and growth. 3, [8] [9] [10] [11] [12] Calcium carbonate (CaCO3) is among the most studied systems since it is one of the most abundant materials produced both biogenically and geologically.
Outstanding examples of biogenic CaCO3 are sea urchin spines, coccolithophores and nacre. All these biological systems are shaped by a small quantity of organic phase. 9, 13 Organic compounds interact with the inorganic phase in two different ways: they can act as a surface over which the inorganic phase forms or they can adsorb onto the surface of the growing crystals, thus hindering the growth of the crystal in certain crystallographic directions. 8, [14] [15] [16] [17] Both principles are exploited in biomineralization, where crystals usually grow inside a preformed scaffold that acts as a template while soluble additives modify the morphology of the crystals.
Great attention was paid to the composition of the templating surfaces and it has been found that they are mainly composed of proteins rich in negatively charged residues. 18, 19 In particular, in vitro studies demonstrated that self-assembled monolayers (SAM) exposing carboxylated and sulfonated residues are able to coordinate calcium ions and favor the appearance of (015) and (001) faces of calcite, respectively. 20 Opposed to this, when proteins are present in solution they can selectively adsorb onto certain crystal faces inhibiting their growth, therefore modifying the final crystal morphology and eventually get incorporated within the lattice. 21 The inclusion mechanism of different classes of molecules, ranging from amino acids, 22, 23 to drugs, 24, 25 micelles and nanoparticles, [26] [27] [28] [29] [30] [31] within calcite single crystals has been extensively studied. These researches show that it[BP1] is difficult to ascribe the inclusion of a molecule by only considering the chemistry of functional groups 34, 35 since their modification can change the chemical, physical and sterical features of the whole molecule. An alternative approach is the use of nanoparticles, in which we can change the surface functional groups while keeping the bulk features, as the morphology, unchanged. However, to our knowledge to date, only a limited number of studies 32, 33 have related the yield of the nanoparticle occlusion to its surface chemistry.
Various nanoparticles have been shown to successfully interact with several minerals. 36 The crucial role played by surface chemistry was demonstrated by the need of a carboxylic corona on polystyrene nanoparticles to obtain templated calcite crystals via ACC. 37 Conghua et al. showed that latex nanoparticles can template the surface of calcite crystals due to the interaction of the exposed carboxylic groups with the nucleating crystals. Despite that, no incorporation of the particles inside the bulk of the crystal was obtained. When the carboxilyic terminal group was substituted by another negatively charged group, no interaction was detected. 38 Kim et al. showed that the interaction between the particles and the growing crystals can be ascribed to the nature of the particle surface rather than to its electrostatic charge. 7, 39 Recently, the same research group has shown that an optimal ratio between hydroxyl and carboxylate groups is required for an efficient entrapment of functionalized copolymer nanoparticles within calcite crystals; moreover an increase of density of carboxylate groups does not promote the embedding of the particles as expected. 7, 26 The relevance of carboxylate groups, with respect to other functional groups, has been confirmed in a recent study on a series of silica-loaded tetrablock copolymer vesicles with constant dimensions. This material led to[BP2] the discovery that the degree of polymerization of the anionic polymer plays a decisive role in dictating the extent of occlusion within calcite crystals, which is favored by carboxylate relative to other negatively charged functional groups. 40 In this research we propose silica nanoparticles -synthesised using a micelle-assisted strategyas additives to investigate the role of surface chemistry in the entrapment within calcite crystals.
These nanoparticles are composed of a core that is not influenced by the environment and by a shell that can carry, differently form previous studies, a great variety of anionic, cationic or neutral functional groups. 41 Furthermore, their chemistry is not influenced by the pH of the solution as strongly, since it[BP3] occurs in micelles and block copolymers, thus allowing the investigation of a variety of crystal growth conditions in which other species would not be stable. 42 
RESULTS AND DISCUSSION
In this work, we used fluorescent silica nanoparticles functionalized with a polyethylene glycol shell (PluS-X, Figures S1-3) that have been synthesized for application in nanoscience due to their easy detection even in complex matrices. 42, 43 PluS-X ( Figure 1a ) are 25 nm highly monodisperse nanoparticles made of a 10 nm rigid silica core and a soft Pluronic shell (PEGylated polymer) terminated with hydroxyl groups (PluS-OH). The nature and the amount of the terminal groups present on the Pluronic shell can be easily modified to expose different functions (protocol in SI, Table S1 ), and to tune the surface charge properties of PluS-X. In particular, together with PluS-OH that do not present charged groups at their periphery, we synthesized PluS-NH2 and PluS-COOH, presenting the same number of amine and carboxylic groups, respectively, in order to investigate the effect of these surface functional groups on the inclusion of the additives within The low density of charged functional groups agrees with the measured zeta-potential values, in contrast to the high values reported in literature data. 44 As mentioned in the experimental section, calcite single crystals were grown in the presence of various concentrations of PluS-X using the vapor diffusion technique. Crystals formed in all the examined conditions and no relevant change in the number of precipitated crystals was detected, meaning that PluS-X does not inhibit the nucleation phase. Furthermore, only single crystals were observed, except when the highest concentration of PluS-NH2 was used, indicating the absence of secondary nucleation events. figure S10 ). Furthermore, since in the experimental conditions the growing calcite crystals have a negatively charged surface 45, 46 it discourages the negatively charged PluS-COOH from adsorbing onto it ( Figure S4 ). 7, 26 With the aim of better understanding the inclusion process of PluS-X within the calcite lattice, the amount of PluS-X desorbed by the crystals has been determined by measuring the amount of PluS-X released in 750 mL of a saturated CaCO3 solution in which the crystals were submerged for 72 hours under shaking. These crystals were carefully washed before the measurements. The amount of PluS-X released in solution by the crystals was not detectable by fluorescence measurements, except for the crystals with the highest content of PluS-NH2 which released less that 0.1 % of bulk content.
The change in morphology of the final crystals is related to the adsorption of the PluS-X on the crystalline faces, thus giving information on the mechanism of interaction. Looking at scanning electron microscopy (SEM) pictures ( Figure 3 ) of crystals grown in the presence of different concentrations of PluS-X, we can see that at low concentration of PluS-COOH and PluS-OH, nanoparticles cause the crystal to develop a hopper-like morphology and all PluS-X create holes in the {104} faces. In constrast to the previously cited studies, in which holes on the surface exhibited similar geometry and dimension as compared to the additive used, we observe pores with significantly greater dimensions than those of PluS-X used. The formation of these pores can be ascribed to the fact that the adsorbed PluS-X onto the growing calcite surfaces are objects showing very large sizes with respect to the surface lattice parameters of calcite (a few Å). They behave like an inclusion that can adhere to the growing calcite surface because the adhesion force overcomes the disjoining pressure existing between the object and the crystal. Thus, the advancing calcite growth layers can encompass and englobe the objects that finally will be absorbed/incorporated into the crystal bulk. However, before the incorporation, the flatness of the {10.4} rhombohedra is strongly perturbed by the presence of these foreign objects which change (hydrodynamic effects) the local supersaturation and, consequently, introduce morphological instability to the growing crystal surfaces (small cavities) and rounded edges. The latter phenomenum has been described as due to non specific interactions among interacting objects and calcite crystals, according to the studies reported by Addadi et al. 8, 21 Figure S9 . These images are representative of the population of crystals.
Regarding PluS-NH2, a higher concentration is needed to observe a comparable change in morphology. In fact, at the lowest concentration studied, we observe only a limited quantity of defects on the surface of the crystals while, increasing the concentration of PluS-NH2 to 1 µM, the number of holes increases as the morphology of the crystal remains unaffected. When crystals are grown in the presence of 10 µM PluS-NH2, we observed a strong modification of the morphology and the formation of polycrystalline aggregates, which can be ascribed to the secondary nucleation processes. The formation of polycrystalline aggregations occurs when an additive partially poisons the crystal surface growing sites. As a consequence, an increase of supersaturation occurs and this favors heterogeneous nucleation and secondary nucleation effects. Our experimental setup does not allow us to follow the evolution of the supersaturation during the precipitation process, similarly to the majority of the cited literature. Thus we do not have a direct proof of the mechanism of polycrystalline material formation. We can only suppose that the NH2-fuctionalized particles affect the local supersaturation in the proximity of the crystal surface causing the formation of polycrystalline aggregates.
We hypothesize that PluS-OH -not carrying charged groups at their surface -are better entrapped within the crystal since they do interact with the crystal surface, yet without preventing further growth. 35 This is confirmed by the rhombohedral shape of the crystal grown in the presence of 10 µM PluS-OH. Unfortunately, we were not able to measure the concentration of the nano-particles on the rough surface. We measured the amount of adsorbed PluS-X that was[BP4] released from the surface after 72 hours of soaking in a saturated solution of calcite, which not necessarily represents the concentration on the surface (Table S2 ). To verify the incorporation of the particles inside the crystals, we took advantage of the fluorescent dyes linked to the core of the particles that allows us to localize them inside the crystals using confocal microscopy. This avoids the use of techniques, which give information only on small and sections of a limited number of crystals (e.g. As can be seen in Figure 4 , all the particles are embedded inside the crystals rather than just adsorbed on the surface.
FIB-SEM).
According to the high resolution X-ray diffraction analysis, lattice parameters are not significantly affected by the presence of PluS-X (Table S3 , Figures S13-15 ).
To better understand the interaction of PluS-X with the growing calcite surface, we performed overgrowth experiments using pristine calcite crystals as seeds and a reference for the new inorganic phase. In these conditions, no secondary nucleation was observed for any of the samples.
We performed atomic scale analysis on the thin sections of the overgrowth crystals obtained in the presence of PluS-OH particles ( Figure 5 ). Using scanning TEM (STEM) coupled to the highangular annular dark field (HAADF) imaging mode and to an advanced energy dispersive X-ray (EDS) detector[BP5], allowed us to measure the location of PluS-X particles within the overgrown layer with atomic resolution. Our observations suggest that PluS-X localize at the interface between the reference core crystal and the overgrown layer (Figures 5a, b and c) . Images obtained in transmission electron microscopy (TEM) mode confirmed that the lattice of the overgrown calcite layer is not disrupted and its further growth is not affected by occluded PluS-X particles (Figures 5d and e ). Fast Fourier transforms (FFT) applied to the lattice images acquired from the interface area demonstrate a single-crystalline nature of the crystal, with no distortion of the lattice parameters (Figure 5e, inset) . These results fit with previous observations regarding the inclusion of micelles within the calcite lattice, where their embedding of the particle did not produce any perturbation of crystalline order. 29 
CONCLUSIONS
In conclusion, we proved that surface chemistry is an important parameter affecting the inclusion of nanoparticles inside calcite single crystals. Our experiments showed that PluS-OH are the most efficiently embedded particles among the ones studied. This is due to the ability of the OH group to adsorb onto the growing surface while not carrying any charge that can cause repulsion in crystallization conditions. PluS-COOH are incorporated in lower quantity due to their negative charge, while PluS-NH2 cause secondary nucleation processes and localize between crystalline domains. TEM analysis performed on thin sections of the overgrown crystal confirms that PluS-X adsorb on the growing calcite surface and do not prevent the growth of the inorganic singlecrystalline phase. In addition, we observed that the nanoparticles' inclusion does not induce a distortion of the crystal lattice.
These observations are relevant in material science and in biomineralization. Regarding the former, enhancing the inclusion of PluS-X into calcite single crystals exploiting the shell chemistry allows one to integrate non-native functions into the material, with the advantage of integrating multiple functionality, within the core of the particles and having[BP6] no effect on the inclusion rate. This possibility could be applied to drug delivery, combining the passive delivery of PluS-X in the acidic tumor environment due to dissolution of CaCO3 together with the active delivery that can be obtained functionalizing PluS-X with specific cancer targeting agents and anticancer drugs.
In the latter, biomineralization, the occlusion of nanoparticles into a crystalline framework is a widespread phenomenon, which often involves macromolecular ultra-structures containing polysaccharides and thus exposing hydroxyl groups, with minimal or no distortion of the crystal lattice.
EXPERIMENTAL SECTION
Synthesis of Pluronic Silica Nanoparticles Core shell silica-PEG nanoparticles bearing carboxyl and amine groups were synthesized as previously reported 43 and described in SI (see also Figures   S1-3 ). In the synthetic procedure a total amount of 200 mg of Pluronic F-127 surfactants was used (Table S1) 
Nanoparticles quantification MALS-RI and AF4-MALS-RI measurements (MALS: Multi angle
Light scattering) were used to measure the molecular weight of the PluS-OH nanoparticles in buffered water suspensions. This allowed to calculate the concentration of the nanoparticles obtained by this synthetic method. The PluS-OH NP concentration has been determined even using fluorescent titrations. The excitation energy conferred to rhodamine doped PluS-OH was almost quantitatively transferred to Cy5 dyes hosted in the PEGylated shell of the nanoparticles. 47 The possibility to determine the PluS-OH NPs concentration by fluorimetric titration is linked to the extremely high efficiency (close to 100%) by which excitation energy can be transferred between donors and acceptors fluorescent dyes embedded in the same nanoparticle. [48] [49] [50] The results that we obtained by the two different methods were in close agreement.
Nanoparticles hydrodynamic diameter distributions and Zeta potential These data were recorded by Dynamic Light Scattering measurements with a Malvern Nano ZS instrument equipped with a 633 nm laser diode. Samples were filtered with 0.45 µm RC filters and then housed in disposable polystyrene cuvettes of 1 cm optical path length, using [PluS-X] = 1 mM dispersed in 10 µM CaCl2 set at different pH values (4, 7, 9 and 11) as solvent. The values were taken averaging three different runs to get the standard deviation. The width of the size distribution is indicated by PDI, which in case of a monomodal distribution is defined as PDI=(δ/Zavg)^2, where δ is the width of the distribution and Z avg is the average diameter of the particle population.
Silica Core diameter distribution was evaluated by the TEM images. Sample were prepared by drop casting and drying of a diluted water solution of PluS-X (1:25) on a Formvar film supported on standard 3.05 mm copper grid (400 mesh). The images were taken with a Philips CM 100 TEM operating at 80 KV. Silica core size distribution was calculated analyzing with ImageJ software TEM images containing a set of several hundreds of nanoparticles. The average diameter of the silica core was calculated fitting the profile of the histogram with a gaussian function.
Calcite crystal growth Calcium chloride dehydrate was purchased from Fluka, magnesium chloride hexahydrate from Sigma Aldrich and anhydrous ammonium carbonate from Acros Organics. All reagents were ACS grade and used as purchased. CaCO3 crystals were grown by vapor diffusion method. Briefly, (NH4)2CO3 vapor is allowed to diffuse into 750 µL of a 10 mM CaCl2 solution containing the additives into a closed container for 4 days. The obtained crystals are then rinsed 3 times with water, once with ethanol and air-dried.
Overgrowth experiments CaCO3 crystals to be used as seeds were grown by vapor diffusion method ad described above (see crystal growth and characterization). Calcite seeds were then put in a solution containing 750 µL of a 10 mM CaCl2 solution containing the additives in a closed container in the presence of (NH4)2CO3. After 4 days, the crystals were washed 3 times with water, once with ethanol and air-dried.
PluS-X desorption experiments
The amount of particles released by the crystals (wt.%) after washing three times with water and once with ethanol has been determined by quantifying via fluorescence spectroscopy (Fluoromax-4 Horiba equipped with 150 W Xenon lamp single monochromator for both excitation and emission (exc530 nm, slit width=8x8, scan from 550 nm to 750 nm) the PluS-X released in a saturated CaCO3 solution (1 mL), in which the crystals were submerged for 72 hours under shaking. Calcium content was measured using flame atomic absorption spectroscopy (Perkin-Elmer AAnalyst 100). PluS-X loading was calculated assuming that a PluS-X particle weights 1M Da. The wt.% of released PluS-X is Table S2 .
Crystal characterization SEM images were collected using a Zeiss Gemini SEM Ultra Plus with an acceleration voltage of 1.00 KeV after coating the sample with 2 nm of PtPd.
In order to measure the PluS-X content, the samples were first treated with 5% v/v sodium hypochlorite to bleach the fluorescence of the PluS-X adsorbed on the surface, then dissolved in 0.8 mL 0.1 M citrate buffer at pH 4.5 and finally the emission spectra were collected using Fluoromax-4 Horiba equipped with 150 W Xenon lamp single monochromator for both excitation and emission (exc530 nm, slit width=8x8, scan from 550 nm to 750 nm). Calcium content was measured using flame atomic absorption spectroscopy (Perkin-Elmer AAnalyst 100). PluS-X loading was calculated assuming that a PluS-X particle weights 1M Da.
High resolution X-ray powder diffraction (HRPXRD) measurements were collected with a dedicated high-resolution powder diffraction synchrotron beamline (ID22 at the European Synchrotron Radiation Facility (ESRF), Grenoble, France) at a wavelength of 0.039 nm. Crystal lattice parameters were assessed by the Rietveld refinement method with GSAS software and the EXPGUI interface. 51 High resolution scanning transmission electron microscopy (HRTEM), high-angle annular darkfield scanning transmission electron microscopy (HAADF-STEM) images and electron dispersive spectroscopy (EDS) maps were acquired using a monochromated and double corrected Titan Themis G2 60-300 (FEI / Thermo Fisher) operated at 200KeV and equipped with a DualX detector (Bruker). The quantitative analysis of the EDS maps was done using the Velox software. Thin sections for TEM analysis were prepared using FEI Strata 400S FIB.
Confocal microscope images were collected using an Upright Zeiss LSM 710 equipped with a laser diode (561 nm) and analysed using the software imageJ, making a sum of the slides. 
